Scope-Flavones have reported anti-inflammatory activities, but the ability of flavone-rich foods to reduce inflammation is unclear. Here, we report the effect of flavone glycosylation in the regulation of inflammatory mediators in vitro and the absorption of dietary flavones in vivo.
Introduction
The innate immune system provides an important first line of defense to infection by promoting an inflammatory response that mediates pathogen clearance [1] . Thus, inflammation is a normal central mechanism of host immune surveillance in response to infections [2] . Deregulated inflammation is central in sepsis and other acute inflammatory pulmonary diseases [3, 4] . In addition, systemic activation of the host immune response has been associated with many chronic diseases, including type 2 diabetes [5] , rheumatoid arthritis [6] , cancer [7] , and atherosclerosis [8] . Several anti-inflammatory oral drug therapies are currently available, but their adverse effects include gastrointestinal side effects, high costs, and the potential for cardiovascular damage [9] . Thus, there is growing interest in using naturally occurring dietary compounds to modulate inflammation.
Flavonoids, common in a variety of fruits and vegetables [10] , have anti-inflammatory activities and can potentially play a key role as neutraceuticals and in functional foods [11] . Like other flavonoids, flavones are typically found in plants as glycosides [10] . Flavone Oglycosides are composed of the aglycone moiety with one or more sugars attached via a βlinkage ( Fig. 1) . These compounds may be modified by endogenous enzymes such as malonylesterases (conversion from malonylapiin to apiin) [12] , but frequently remain as glycosides after processing such as shredding [13] , juicing [14] , and heating [15] . For many flavonoid glucosides, brush border β-glucosidase activity in the small intestine is sufficient to hydrolyze the aryl glycosidic bond and allow absorption of the aglycone [16, 17] . Intestinal β-glucosidase, however, cannot hydrolyze oligosaccha-ride moieties [16] and although colonic bacteria can cleave these bonds [18] , absorption is reduced. Given that dietary flavones are ingested predominantly as glycosides, their fate and biological effect are determined by how and where they are hydrolyzed, absorbed, metabolized, transported, and excreted. Flavone glycosides in celery occur as apiosylgluco-sides ( Fig. 1 ) and might also be resistant to brush border β-glucosidase action. We therefore hypothesized that convert ing flavone glycosides to aglycones would result in increased absorption.
Although the metabolic fate of flavones such as lute-olin and apigenin has not been studied as extensively as that of other flavonoids [19, 20] , flavones have been shown to have antiproliferative and anti-inflammatory properties [21] [22] [23] . Treatment of murine macrophages with lipopolysaccharide (LPS), followed by the flavones apigenin, luteolin, or diosmetin, reduced tumor necrosis factor-α (TNF-α) or IL-6 release [24] [25] [26] . In addition, we showed that apigenin inhibits LPS-induced TNF-α production in primary human monocytes and macrophages [21] . We also found that when injected, apigenin reduced TNF-α in vivo in a model of acute inflammation [21] . Moreover, mice given purified apigenin orally or in the diet showed lower serum concentrations of the proinflammatory cytokines IL-6 and TNF-α [25] . While it is clear that purified flavone aglycones have anti-inflammatory activities, less apparent is the role of flavone glycosides or flavone-rich foods in modulating inflammation.
Here, we examine the effects of flavone aglycones, glycosides, and flavone-rich food extracts on the immune response. Our results demonstrate that flavone aglycones and celery extracts processed to contain flavone aglycones, unlike flavone glycosides and celery extracts containing native flavone glycosides, inhibit LPS-induced production of TNF-α and reduce the transcriptional activity of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB). We also found that targeted formulation of celery-supplemented diets with higher aglycone concentrations resulted in higher relative absorption of flavones in vivo. Collectively, these studies provide evidence that diets crafted to augment agly-cone content increase absorption and might selectively reduce inflammation, uncovering novel aspects for the potential use of naturally occurring dietary compounds to modulate inflammation.
Materials and methods

Plant material, standards, and reagents
Chinese celery (Apium glaveolens) and raw almonds (Prunus dulcis) were purchased from local grocery stores. Chrysoeriol and luteolin 7-O-glucoside (Extrasynthese, Genay, France), apigenin and luteolin (Sigma, St. Louis, MO), and diosmetin and apigenin 7-O-glucoside (Chromadex, Irvine, CA) were dissolved in dimethyl sulfoxide (DMSO) for in vitro experiments. β-glucuronidase/sulfatase from Helix pomatia (lyophilized powder) was obtained from Sigma. Phosphoric acid was obtained from Corco Chemical Corp (Fairless Hills, PA). All other reagents were from Fisher Scientific (Fair Lawn, NJ).
Preparation of celery extracts and diets
Lyophilized fresh celery leaves, naturally abundant in apigenin 7-O-apiosylglucoside (apiin), were used for extracts and diets. For fresh celery extract (FCE), 200 mg lyophilized celery was extracted with 6 mL 70% ethanol, centrifuged at 450 × g for 10 min at room temperature, and supernatants collected. For acid hydrolyzed celery extracts (ACE), 1 mL of FCE was combined with 0.5 mL 37% HCl and heated for 1 h at 90°C. For enzyme-treated celery extract (ECE), lyophilized fresh celery leaves were first heated in 1.5 N H 3 PO 4 for 90 min at 100°C to convert apiin to apigenin 7-O-glucoside. After neutralization with 10% KOH, the celery leaves were incubated with ground almond (20% dry wt) for 2 h at 50°C to convert apigenin 7-O-glucoside to apigenin aglycone by β-glucosidase present in the almonds. The resulting aglycone-rich mixture was then lyophilized to make enzymatically hydrolyzed celery powder and extracted in 70% ethanol as described above. All extracts were dried under nitrogen gas (N 2 ) and reconstituted in 300 μL DMSO. After determining flavone concentration by high-performance liquid chromatography (HPLC) analysis, samples were diluted in DMSO to 5 mM apigenin equivalents and stored at −20°C.
For preparation of celery-supplemented diets, powdered AIN-93G diet was purchased from Dyets, Inc. (Bethlehem, PA). Lyophilized fresh celery and enzyme-treated celery were combined with AIN-93G powder diet to make 5 or 10% (w/w) celery-supplemented diets. After dry ingredients were mixed, water was added to make a paste and pellets were formed with a Simple Tablet Maker (Wholistic Research Co., Royston, Herts, UK). The same procedure was used to make pellets of the AIN-93G control diet. Pellets were dried at 40°C to a constant weight and stored at −20°C for 1-4 weeks until used for feeding. The following diets were made: AIN-93G pellets supplemented with 5% fresh celery (AIN-5FCP), AIN-93G with 10% fresh celery pellets (AIN-10FCP), AIN-93G with 5% enzyme celery pellets (AIN-5ECP), and AIN-93G with 10% enzyme celery pellets (AIN-10ECP). The flavone contents of the diets were confirmed by HPLC analysis prior to feeding.
Cell culture
RAW 264.7 murine macrophages from ATCC were cultured as previously described [21] . Briefly, cells were seeded at a density of 5 × 10 5 cells/mL, incubated for 16 h, and then treated with either 100 ng/mL LPS (Escherichia coli, 0127:B8, Sigma, St. Louis, MO) or DMSO as diluent control in the presence or absence of different concentrations of flavones or food extracts.
Immunodetection of inflammatory cytokines
TNF-α in cell media was determined by enzyme-linked immunosorbent assay (ELISA) using the DuoSet kit (R&D Systems, Minneapolis, MN) and TNF-α standards provided by the manufacturer as we previously described [21] . Absorbance was measured on an ELX-808 microplate reader with KC Junior software (excitation wavelength 450 nm, emission wavelength 540 nm) and concentrations were determined with a four-parameter standard curve.
NF-κB activity
Macrophages (6 × 10 5 /mL) were transfected with 0.6 μg NF-κB-secreted human placental alkaline phosphatase (SEAP) or vector control-SEAP (Clontech, Mountain View, CA) and pCMV-β-galactosidase vector using Lipofectamine 2000 in OPTI-MEN (Invitrogen, Carlsbad, CA) according to manufacturer's specifications. Cells were incubated 24 h and treated with LPS, different flavones, celery extracts, or DMSO for 16 h. NF-κB activity in supernatants was determined using a SEAP fluorimetric reporter gene assay (AnaSpec, Fremont, CA) following the manufacturer's instructions and read on a VICTOR X3 multilabel plate reader (PerkinElmer, Waltham, MA). β-galactosidase activity in cell lysates was measured with the β-Gal assay kit (Invitrogen) as previously reported [21] . Relative fluorescent units (RFUs) of NF-κB activity are expressed as relative units of SEAP per mL/β-galactosidase activity per mg protein. All experiments were done in triplicate.
Subcellular fractionation of macrophages
Macrophage subcellular fractionations were obtained as previously described [22] . Briefly, media was harvested and 5 × 10 6 cells were lysed in KPM buffer by 5 freeze/thaw cycles and centrifuged at 100 000 × g for 1 h at 4°C to obtain cytoplasmic and membrane fractions. To assess the flavone content in each fraction, the media, cytoplasmic and membrane fractions were extracted twice with equal volume acetonitrile, centrifuged at 2500 × g, and the pellet extracted with 70% acetonitrile. The supernatants were dried under N 2 and reconstituted in methanol prior to HPLC analysis.
DPBA staining and fluorescence microscopy
Cells were treated with flavonoids or DMSO for 3 h at 37°C in supplemented RPMI-1640 (without phenol red). Nuclear staining was done with 1 μg/mL DAPI (4′,6-diamidino-2phenylindole, Sigma) for 30 min at 37°C. Cells were rinsed three times with phosphate-buffered saline (PBS) and stained with 0.1% (w/v) diphenylboric acid 2-aminoethyl ester (DPBA; Sigma; excitation 490 nm, emission 530 nm) for 1 min as previously described [22] . Fluorescence was detected by microscopy (Olympus IX-81 microscope, Olympus, Melville, NY) and digital images were generated with a QCAM Retiga Exi FAST 1394 camera and Slidebook software (Intelligent Imaging Innovations, Denver, CO).
Mouse feeding experiments
Male C57BL/6J mice, 6-8 weeks old, were purchased from Harlan (Madison, WI), cared for according to the Ohio State University Institutional Animal Care and Use Committee (IACUC) regulations, and used after 10 days acclimation. For dietary intervention, mice housed into individual cages were fed ad libitum for 7 days with either AIN-93G control or flavone-rich diets. Food weight and consumption were recorded daily. Urine was collected at day 7, immediately prior to euthanasia. Blood samples were obtained by cardiac puncture and serum isolated as previously described [21] .
Flavone extraction and HPLC-MS/MS analysis
HPLC-diode-array detection (DAD) analysis was done with a Waters 2695 separations module with a 2996 detector, Symmetry C18 column (3.5 μm, 4.6 × 75 mm), and Empower software (Waters Corp., Milford, MA). The mobile phase consisted of 0.1% formic acid in water and 0.1% formic acid in ACN, using a gradient method with increasing acetonitrile. Concentrations were measured at 338 nm for apigenin and 350 nm for luteolin and chrysoeriol through external calibration with aglycone standards. Apigenin 7-O-glucoside was identified using a commercial standard, and HPLC-DADMS (QTof Premier; Micromass, UK) was used to identify other flavone glycosides by accurate mass and fragmentation patterns. Urine and serum samples were analyzed by HPLC-MS/MS (where MS/MS is tandem mass spectrometry) (Acquity UPLC, Quattro Ultima; Waters, Milford, MA). Each urine sample (25-100 μL) was combined with twice its volume of sodium acetate buffer (1.4 M, pH 5.5), incubated for 2 h at 37°C with β-glucuronidase/sulfatase to deconjugate flavones as described previously [27] . The resultant flavone aglycones were extracted three times with diethyl ether, supernatants dried under N 2 , and reconstituted in methanol prior to HPLC-MS/MS analysis. Serum was prepared as previously described [28] with some modifications. Each sample (30-100 μL) was extracted with twice its volume of −20°C ACN, centrifuged, and the supernatant collected. The pellet was extracted in 70% ACN, sonicated, and centrifuged. Super-natants from the two extractions were combined, dried under N 2 , and reconstituted in sodium acetate buffer (1.4 M, pH 5.5). Samples were digested with β-glucuronidase/sulfatase, extracted four times with diethyl ether, and reconstituted in methanol.
HPLC-MS/MS analysis was done at 0.65 mL/min of 0.1% formic acid versus 0.1% formic acid in ACN with a gradient method, using an Acquity BEH C18 column (2.1 × 50 mm, 1.7 μm) at 40°C. Eluent was interfaced with the MS via an electrospray probe operated in both negative and positive modes after a 1:10 flow splitter. Specific flavones were detected by multiple reaction monitoring (MRM) with an 84 ms dwell time. Source parameters included: capillary voltage 2.8 kV in negative mode and 3.2 kV in positive mode; cone 35 V; source block 110°C, desolvation 500°C; desolvation gas 760 L/h, cone gas 105 L/h; collision energies 20-25 V. Desolvation gas was delivered at 600 L/h and 450°C, cone gas at 100 L/h, collision-induced dissociation at 3 × 10 −3 mBar (Argon).
Statistical analysis and graphical presentation
Statistical analysis was done with R 2.11 for Windows (R Foundation for Statistical Computing, Vienna, Austria) using one-way analysis of variance (ANOVA) for parametric datasets and the Kruskal-Wallis test for nonparametric data. Post hoc comparisons were done with the corresponding parametric or nonparametric Tukey's HSD. When necessary, data were log or square root transformed to achieve a normal distribution and equal variances for the ANOVA tests. p values <0.05 were indicative of significant differences. Chemical structures were produced with ChemDraw Pro 12.0 (CambridgeSoft, Cambridge, MA).
Results
Deglycosylation of flavones determines their ability to inhibit cytokines
To examine the effect of structural modifications of flavones in their anti-inflammatory activities, macrophages were stimulated with 100 ng/mL LPS in the presence of different doses of the aglycones apigenin, luteolin, and chrysoeriol or diluent control for 8 h. Stimulation with LPS induced the release of TNF-α, undetectable in the presence of diluent controls ( Fig. 2A) . Stimulation with LPS in the presence of any of the aglycones resulted in a significant reduction of TNF-α at doses as low as 10 μM ( Fig. 2A ).
Next, we evaluated the effect of glycosylated flavones on their ability to modulate inflammatory cytokines. Macrophages stimulated with 100 ng/mL LPS in the presence of 10-25 μM of apigenin 7-O-glucoside or luteolin 7-O-glucoside showed no effect on TNF-α (data not shown). To further determine their immunomodulatory activity doses were increased, but even doses as high as 100 μM had no effect on reducing LPS-induced TNF-α ( Fig. 2B ).
Deglycosylation of flavones increases their ability to inhibit LPS-induced NF-κB transcriptional activity
LPS induction of TNF-α is regulated by the activity of the transcription factor NF-κB. To study the effect of flavones in NF-κB activity, macrophages transiently expressing NF-κB SEAP reporter construct were stimulated with 100 ng/mL LPS in the presence of flavone aglycones or diluent control for 16 h. LPS treatment induced NF-κB activity represented by a significant increase in RFUs, while cells treated with diluent or aglycones alone had no effect on NF-κB (Fig. 3A) . We found that the treatment of LPS-stimulated cells with different concentrations of the aglycones apigenin, luteolin or chrysoeriol significantly reduced LPS-stimulated NF-κB activity at doses of 25 μM (Fig. 3A) .
We next examined the effect of flavone glycosides on LPS stimulation of NF-κB. Macrophages treated with apigenin 7-O-glucoside or luteolin 7-O-glucoside in the presence of diluent control had no effect on NF-κB activity (Fig. 3B) . Moreover, macrophages treated with apigenin 7-O-glucoside or luteolin 7-O-glucoside at doses as high as 100 μM had no effect on LPS-induced NF-κB activity (Fig. 3B) . Although there was a decrease of NF-κB activity with 50 μM flavone glycosides, the differences were not statistically significant from the control (p = 0.11, 0.21 for apigenin 7-O-glucoside and luteolin 7-O-glucoside, respectively). These results indicate that deglycosylation of flavones increases their ability to modulate NF-κB activity.
Aglycone content in newly developed flavone-rich food extracts
The different ability of pure flavone aglycones and glyco-sides to modulate inflammation suggests that flavone-rich food extracts might also effectively reduce inflammation if their native flavone glycosides are converted to the respective aglycones. To test this hypothesis, we formulated food extracts enriched in aglycone content. Several foods are abundant in flavones, including artichokes, parsley, celery, and kumquat [29] [30] [31] . We decided to pursue celery as a flavone source because it is relatively palatable and celery leaves have very high flavone concentrations [29] . Three types of celery extracts: FCE, ACE and ECE were formulated (see material and methods). HPLC analysis showed that the major peaks in FCE corresponded to luteolin apiosylglucoside, apigenin 7-O-apiosylglucoside (apiin), and chrysoeriol apiosylglucoside ( Fig. 4, peaks A, B , and C). In contrast, ACE and ECE had almost exclusively the aglycone forms luteolin, apigenin, and chrysoeriol ( Fig. 4 , peaks D, E, and F, respectively). The celery leaves used in this study had fivefold greater concentrations of apigenin derivatives relative to luteolin or chrysoeriol ( Table 1, FCP) . Thus, our results found that targeted formulation of diets increased aglycone content.
Effect of food extracts on inflammatory mediators
To investigate the ability of flavone-rich celery extracts to reduce inflammation, macrophages were treated with 100 ng/mL LPS or PBS diluent for 8 h in the presence of FCE, ACE, ECE, or DMSO. LPS-treated macrophages released TNF-α ( Fig. 5A , black bar LPS+DMSO), while cells treated with food extracts and diluent+PBS did not induce TNF-α release, indicating that the extracts are not proinflammatory (Fig. 5A, white bar) . FCE containing predominantly apiin inhibited LPS-induced TNF-α release by only 30%, while ACE and ECE led to approximately 90% reductions (Fig. 5A ).
Next, we evaluated the effect of flavone-rich celery extracts on NF-κB transcriptional activity. Macrophages transiently expressing NF-κB SEAP reporter vector were stimulated with 100 ng/mL LPS or PBS control in the presence of FCE, ACE, ECE, or DMSO diluent control for 16 h. Macrophages treated with DMSO and LPS induced NF-κB activity compared to PBS-treated cells (Fig. 5B , DMSO black and white bars, respectively), while cells treated with either food extracts and PBS had no effect on NF-κB ( Fig. 5B , FCE, ACE, and ECE white bars). FCE had no effect on LPS-induced NF-κB activity when compared with LPS-and DMSO-treated cells ( Fig 5B) . In contrast, both ACE and ECE significantly inhibited NF-κB activity to levels found in PBS-treated cells (Fig. 5B , ACE, ECE, black bars). Collectively, these results indicate that the conversion of flavones in food extracts from glycoside to aglycone greatly enhances their ability to modulate inflammatory mediators.
Cellular uptake of dietary flavones
To investigate whether the difference in anti-inflammatory activity of glycoside and aglycone flavones was due to cellular uptake, macrophages were cultured for 3 h in the presence of 25 μM apigenin, apigenin 7-O-glucoside, flavone-rich extracts, or DMSO diluent control and stained with DPBA as previously described [32] . Apigenin-treated, but not control cells showed DPBA staining as previously reported [22] (Fig. 6D-F and 6A-C, respectively). In contrast, apigenin 7-O-glucoside-treated cells had negligible DPBA staining (Fig. 6G-I) . In addition, we found that FCE enters cells as suggested by the DPBA staining, but to a lesser extent than ACE and ECE, which showed higher staining (Fig. 6J,  6M, 6P ). Nuclear staining with DAPI showed that there were no changes in nuclear morphology associated with any of the treatments (Fig. 6E, 6H, 6K, 6N, 6Q) , and identification of nuclei in the DPBA-stained cells showed that apigenin-treated cells accumulated more flavones than ACE-and ECE-treated cells (Fig. 6D, 6M, 6P) .
To further study cellular uptake of flavones, subcellular fractionation of cytoplasm and membrane fractions were used to determine the content of flavones by HPLC-DAD in macrophages treated for 3 h with flavone-rich extracts at a 25 μM apigenin equivalent. Consistent with our previous findings in leukemia cells, the apigenin absorbed by macrophages corresponded to 5-15% of the amount added [22] , and was primarily associated with the membrane fraction, accounting for 88% of all the apigenin uptake by the cells, and the remaining 12% was found in the cytoplasm fraction. No apigenin 7-Oglucoside was recovered from the cytoplasm or membrane fractions of cells treated with this glucoside. However, apigenin equaling to 0.1% of the dose of 7-O-glucoside used was detected. This percentage is similar to the 0.1% apigenin aglycone contamination found in the apigenin 7-O-glucoside stock (not shown). In cells treated with FCE, apigenin was found as apiin at low levels, reaching only ~0.2-0.3% of the dose used with the majority (62%) in the membrane fraction. In contrast, ACE-and ECE-treated macrophages had up to tenfold higher accumulation of apigenin, with the majority, 62% found in the membrane fraction as apigenin aglycone and proportional to their concentration in the extracts luteolin and chrysoeriol ( Figs. 4B and 7 ). Collectively these results show that flavone aglycones pure or as part of flavones-rich extracts are taken into cells much more efficiently than flavone glycosides and that are abundantly found in the membrane fractions, potentially impacting their biological effects.
Effects of celery-supplemented diets on flavone absorption in mice
Based on the ability of flavones to counter inflammation, we prepared foods with high flavone concentrations. Mouse diets were made as described in Materials and methods and Table 1 . Mice were fed the diets for 7 days, and steady-state levels of flavones in serum were determined by measuring concentrations in urine and serum at sacrifice. For all diets, apigenin, luteolin, and chrysoeriol were detected in urine proportional to their concentration in celery. Mice fed AIN-5ECP had higher urine flavone concentrations than those fed AIN-5FCP; however, no difference was observed between mice fed AIN-10ECP and AIN-10FCP diets (data not shown). Serum luteolin, apigenin, and chrysoeriol concentrations followed a dose-response pattern with each diet formulation at 5 and 10%, and were highest in mice fed AIN-10ECP diet (Fig. 8) . After accounting for the lower flavone concentrations in the enzyme-treated diets, relative apigenin and luteolin absorption was significantly higher in enzyme-treated diets relative to their fresh celery counterparts. Relative absorption of chrysoeriol was also higher in AIN-5ECP diets than AIN-5FCP diets. These results indicate that conversion of dietary flavones from glycoside to aglycone forms improves absorption into systemic circulation.
Discussion
Flavones, a class of natural flavonoids with a large number of derivatives in herbs, fruits, and vegetables, are common components of our diet [31, 33] . Potential nutraceutical antiinflammatory activity for flavones is emerging but the mechanisms responsible for their action remain unclear [34] . Here, we demonstrate using a number of flavones and flavonerich food extracts that the anti-inflammatory activity is dependent on deglycosylation of the compounds. We further show that flavone glycosylation reduces intestinal absorption into systemic circulation.
Flavones including apigenin, luteolin, and chrysoeriol have been shown to reduce TNF-α secretion in vitro at 10-50 μM concentrations [24, 26, 35] . In agreement with these studies, we found that as little as 10 μM apigenin, luteolin, or chrysoeriol reduced TNF-α secretion compared to the control ( Fig. 2A) . We previously reported that apigenin inhibits the phosphorylation of p65NF-κB subunit [21] . This study shows that flavone aglycones at 25 μM concentrations significantly reduce NF-κB activity (Fig. 3A) . In contrast, the flavone glycosides apigenin and luteolin 7-O-glucoside had no effect on TNF-α release or NF-κB activity even at concentrations up to 100 μM (Figs. 2B and 3B) . The higher efficacy of aglycones rather than glycosides to reduce TNF-α and NF-κB activity is consistent with other studies showing that neither diosmetin 7-O-rutinoside nor apiin reduced nitric oxide (NO) and TNF-α in response to LPS, whereas apigenin effectively decreased these inflammatory mediators [26, 36] . Apiin and FCEs, however, reduced nitrite (NO 2 ) and inducible nitric oxide synthase (iNOS) in macrophages, though under different experimental conditions and at much higher concentrations [37] . Our studies further suggest that the decreased anti-inflammatory activity of the glycosides can be in large part attributed to a lower transport/diffusion through the plasma membrane. Indeed, flavone localization, using fluorescence microscopy, showed a higher cellular uptake of apigenin compared to apigenin 7-O-glucoside ( Fig. 6 ). Consistent with these results, DPBA staining showed higher levels of fluorescence in macrophages treated with ACE and ECE rich in aglycones than in FCEtreated macrophages. Previous studies using fluorescent microscopy or HPLC analysis showed that flavonol aglycones, rather than glycosides, are taken into hepatocytes accumulating in the nucleus [38, 39] . We found that flavones can be nuclear or cytoplasmic but were mainly associated with membrane fractions, reaching quantities ten times higher than in soluble cytoplasmic fractions ( Fig. 7) . Consistent with results obtained using fluorescent microscopy, HPLC analyses showed higher uptake of apigenin than the glucoside counterpart. Moreover, concentrations of apigenin in macrophage membranes treated with aglycone-rich celery extracts, ECE and ACE, are higher than in FCE-treated cells (Fig. 7) . These results indicate that most apigenin is found inside cells associated with organelle membranes and not in the plasma membrane. Although signaling through membrane components cannot be excluded, it has been shown that flavones counter LPS-induced inflammation through several pathways in the cytosol. In addition to inactivating NF-κB through suppression of NF-κB-p65 subunit phosphorylation [21] , flavones can reduce TNF-α by interfering with mitogen-activated protein kinases (MAPK). In particular, reductions in extracellular signal-regulated kinase (ERK), p38, and casein kinase 2 (CK2) activation were associated with reduction in TNF-α release from macrophages [40] . Our results indicate that aglycones either pure or as part of a diet can readily be taken up by cells of the immune system and can effectively regulate immune responses. In this context, the mechanisms for cellular influx of flavonoids are not well understood, and they may vary with the type of flavonoid and membrane transporters found in specific cell types. It has also been proposed that flavonoids are transported into cells by passive diffusion [41, 42] , which would favor the transport of less polar (e.g., aglycone) molecules through the lipid bilayer membrane. Further studies are needed to understand the mechanisms of cellular uptake of flavonoids.
Adverse effects associated with current anti-inflammatory compounds have prompted the interest in implementing diets with nutraceutical activity for the treatment and prevention of inflammatory diseases [43] . To determine whether flavone-rich foods can effectively attenuate inflammation, we developed food formulations with different levels of aglycone and glycoside flavones. We found that acid-and enzyme-treated celery extracts (rich in aglycones) reduced TNF-α release and NF-κB activity while FCEs (rich in apiin) did not (Fig. 5 ). These effects are not due to cytotoxicity since cells treated with flavone-rich extracts showed only 10% toxicity, a similar level was observed with aglycones and no cytotoxic effects were reported with glycosides (not shown).
Dietary intervention studies using flavone-rich diets showed increased serum flavone concentrations in mice fed AIN-5ECP and AIN-10ECP diets, averaging nearly twice those of their fresh celery counterparts ( Fig. 8 ) even though they contained approximately one third the concentration of flavones measured as apigenin equivalents (Table 1) . After adjusting for these differences in flavone intake, AIN-5ECP and AIN-10ECP diets resulted in significantly greater relative absorption of luteolin and apigenin than their fresh celery counterparts. These data clearly indicate that dietary flavone aglycones are more efficiently absorbed into serum than their corresponding glycosides, which is consistent with observations that flavonoids glycosides must first be deconjugated to aglycones prior to intestinal absorption [44] . Apigenin and luteolin are absorbed primarily in the small intestine [45] , and apigenin is more than five times more permeable than apigenin 7-O-glucoside in the Caco-2 model [46] .
We found that the flavone-rich diets here resulted in much higher concentrations of apigenin in serum than those previously reported in mice fed pure apigenin. The mice fed AIN-10ECP in our study consumed 0.05% apigenin for 7 days and averaged 773 nM apigenin in serum, compared with 90 nM reported in mouse plasma following a diet containing 0.2% pure apigenin for 7 days [47] . Studies with flavones and flavone-rich diets found much greater absorption in rats, although these reported maximum rather than steadystate concentrations in blood. The AIN-10ECP mice in our study consumed ~68 mg apigenin/kg body weight daily, while rats fed only 14 mg luteolin/kg body weight by gavage had a peak plasma concentration of 6.9 μM after 1 h and those fed lute-olin in the form of peanut hull extract had concentrations four times as high [48] . Rats consuming 10 mg apigenin equivalents/kg body weight in the form of chrysanthemum had 63 μM apigenin in plasma after 4 h [49] . These studies show that flavone concentrations in circulation are much higher within a few hours after consumption, but fall to lower steady-state levels. There may also be differences in intestinal absorption between rats and mice, making comparisons with our study difficult.
In summary, we have demonstrated that deconjugation of flavone glycosides to aglycones determines their anti-inflammatory activity in vitro and their systemic absorption in vivo. Our study also indicates that administration of dietary flavone aglycones rather than glycosides results in more efficient uptake of flavones into serum, which will be important in designing and implementing food-based approaches to reduce chronic inflammation. 
